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1.  Highlights  of  Research  Findings 


a.  Direct  rejoining  of  DNA  (by  llgase)  occurs  In  dormant  spores  In  a radiation  j 
resistant  strain  but  not  In  a radiation  sensitive  strain.  The  ability  to  rejoin 

DNA  seems  to  be  responsible  for  the  extensive  shoulder  In  the  radiation  survival  curves,  1 
as  well  as  for  salt  tolerance  of  a particular  strain. 

b.  Calcium  form  spores  have  Increased  resistance  as  well  as  Increased  water 
binding  capacity.  This  seems  to  be  due  to  the  ability  of  calcium  to  convert  weak 
cationic  exchange  groups  in  the  spore  such  as  R-COO”  into  strong  anionic  exchange 
groups  such  as  RrCOO'Ca"^  + 5H2O. 

c.  Freeze- thawing  causes  DNA  breakage  In  coll;  this  seems  to  be  the 
mechanism  of  cell  death  If  breaks  are  not  repaired. 

d.  Mild  heat  triggers  DNA  breakage  In  J|.  coll;  the  enzyme  apurlnlc  acid 
endonuclease  in  the  coll  cell  Is  Implicated  In  producing  the  breaks.  These 
breaks  may  or  may  not  be  reversed  by  DNA  llgase,  thus  resulting  In  survival  or 
death  of  the  cells,  respectively. 


¥ 


2.  Discussion  of  Research  Findings 

Our  research  effort  during  the  reporting  period  was  concerned  with  the  molecular 
mechanisms  by  which  DNA  strands  are  broken  and  repaired,  and  how  these  mechanisms 
are  related  to  resistance, recovery  or  death  of  Injured  cells.  Including  bacterial 
spores  and  vegetative  cells. 

a.  Role  of  DNA-llgase  In  spore  resistance. 

Radiation  Injury  and  repair  of  spore  DNA  was  considered  In  relation  to  spore 
cytoplasmic  enzymes,  particularly  DNA-llgase.  In  addition  to  stabilization  by 
typical  protective  spore  structures,  spore  survival  also  seems  to  depend  on  an 
efficient  system  of  rejoining  of  initial  DNA  breaks.  Radiation  resistant  spores 
may  rejoin  at  least  50%  of  the  Initial  DNA  breaks,  while  radiation  sensitive  spores 
show  no  detectable  DNA  rejoining  (llgase)  activity  (Durbar.,  Grecz  & Farkas,  1974).  The 
operation  of  this  enzymatic  DNA  maintenance  system  In  apparently  dormant  non- 
germlnated  spores  taay  be  of  great  biological  survival  value  and  has  not  been 
suspected  to  exist  until  Its  discovery  In  our  laboratory  In  1974 w 


The  experiments  show  that  the  DNA-breakage-DNA  rejoining  capacity  operative 
In  dormant  bacterial  spores  Is  responsible  for  the  shoulder  portion  of  radiation 
survival  curves.  Furthermore,  the  size  of  the  shoulder  Is  significantly  related 
to  the  overall  radiation  resistance;  this  Is  In  contrast  to  the  relative  linljaportance 

of  the  slopes.-  - 

Failure  to  rejoin  DNA  breaks  In  the  dormant  spore  may  eventually  result  in  spore  death. 

Differences  in  radiation  resistance  of  14  strains  of  Clostridium  botullnum 
spores  could  be  corrfelated  by  computer  analysis  with  differences  in  the  lag  or 
shoulder  portion  (L)  of  their  respective  radiation  survival  curves.  The  exponen- 
tial decline  portion  (E)  of  the  survival  curves  were  nearly  Identical  for  all 
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14  strains.  Autoradiographic,  and  dlphenylamlne  assays  Indicated  that  different 
strains  contained  either  one  or  two  genomes  per  spore,  however,  no  relationship 
could  be  detected  between  number  of  genomes  and  radiation  resistance  of  the 
spores.  Alkaline  sucrose  gradient  sedimentation  of  ^H-DNA  Indicated  that  L was 
characterized  by  production  of  DNA  single-strand  breaks  (SSB).  Radiation  resistant 
strain  33A  rejoined  50-90%  of  the  Initial  SSB  during  Irradiation  or  shortly  j 

thereafter,  l.e.  while  the  spores  were  still  In  the  cryptoblotlc  dormant  state.  ! 

Rejoining  of  SSB  seems  to  be  due  to  high  DNA-llgase  activity  In  strain  33A.  On 
the  other  hand,  the  radiation  sensitive  strain  51B  showed  no  shoulder  (L)  and  ' 

very  little  or  no  SSB  rejoining.  The  exponential  decline  portion  (E)  seems  to 
be  associated  with  those  lesions  which  cannot  be  repaired  during  Irradiation  or 
germination.  It  Is  thought  that  repair  of  these  lesions  Is  attempted  after  germin- 
ation and  Initiation  of  metabolism  and  may  Involve  DNA  exclslon-resynthesls , and 
recombination,  especially  In  those  strains  containing  two  genomes  per  spore. 

These  repair  mechanisms  are  error-prone  and  thus  frequently  result  In  cell  death 
characteristic  of  the  E portion  of  the  survival  curve.  (Grecz,  Lo,  Kang  & 

Farkas,  1977;  Grecz,  Wlatr,  et.al.,  1978). 

The  relationship  between  radiation  resistance  and  salt  sensitivity  of  spores 
of  Clostridium  botullnum  and  the  possible  Implications  with  respect  to  DNA 
breaklng-and-re joining  In  Irradiated  spores  Is  described  In  a joint  manuscript  with 
Dr.  Farkas  of  the  Central  Food  Research  Instltue  Budapest,  Hungary  and  Dr.  T.A. 

Roberts  of  the  British  Meat  Research  Institute,  Bristol,  U.K.  (accepted  by 
Appl.  and  Envlronm.  Microbiol) . 

Experiments  are  In  progress  by  J.  Grice  within  his  Ph.D.  program  to  characterize 
the  DNA-re joining  system  of  spores  of  the  highly  radiation  resistant  £.  botullnum 
33A.  The  strategy  Involves  the  study  of  specific  cofactors  and  Inhibitors  of  DNA- 
llgase  with  respect  to  their  effect  on  DNA  breakage  and  DNA  repair  as  the  result 
of  gamma  Irradiation. 

I 

Our  finding  of  DNA  rejoining  In  dormant  spores  apparently  Involving  enzyme 
activity  (DNA  llgase)  Is  unexpected,  and  untlll  further  confirmation  should  be 
viewed  with  all  due  caution.  This  finding  Is  contrary  to  the  established  view  ' 

that  In  dormant  bacterial  spores  all  enzymatic  processes  are  arrested  by  the  practically 
dehydrated  state  In  the  spore  cytoplasm.  Furthermore,  dormant  spores  contain  low 
levels  of  nucleotides  (P.  Setlow)  and  therefore  the  NAD  (or  ATP)  necessary  for 
DNA  rejoining  may  not  be  available.  On  the  other  hand,  contrary  to  these  objections 
In  vivo  and  ^ vitro  results  so  far  strongly  Indicate  that  enzymatic  DNA  rejoining 
does  In  fact  occur  (at  least  In  radiation  resistant  strains)  while  the  spores  are 
still  In  the  dormant  state. 

i 

b.  The  molecular  mechanism  of  the  stable  "dehydrated"  nature  of  spores.  ' 


i 

i 


These  studies  continue  our  long  standing  blolnorganlc  approach  to  the  mechanism 
of  spore  resistance  and  dormancy.  From  this  point  of  view  the  coordination  chemistry 
of  Ca  (II)  DPA  and  other  ligands  was  recently  extended  to  the  study  of  complexlng 
of  bound  calcium  with  water  molecules  (see  papers  with  Rajan  & Tang  1968-1977). 
Knowledge  of  the  physico-chemical  environment  In  the  spore  Is  essential  for  ex- 
plaining the  activity  (or  Inactivity)  of  DNA  repair  enzymes  Investigated  In  this 
project.  Our  recent  TGA,  CTA  and  DSC  experiments  Indicate  that  spores  rich  In 
calcium  have  higher  water  binding  affinity  and  at  the  same  time  have  a higher 
resistance  to  heat.  We  attribute  this  to  the  ability  of  calcium  to  convert  weak 
cation  exchange  groups  In  the  spore,  such  as  R-COO^  Into  strong  anion  exchange 
groups  such  as  R-COO'Ca"*^  + 5H2O. 
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Anion  exchangers  of  this  type  would  strongly  bind  and  inmobalize  relatively 
large  quantities  of  water  thus  creating  an  apparently  "dehydrated"  environment 
in  the  spores.  This  model  may  explain  some  of  the  observations  to  date  on 
calcium-form  spores  particularly  with  respect  to  their  special  properties  of 
resistance  and  dormancy  as  related  to  calcium  binding  (see  manuscript  for  Biophys. 
J. ; Grecz,  Gal  & Sztatisz,  1978). 


*-•  The  nature  of  initial  events  of  DNA  injury  by  biophysical  stress:  coll. 

Since  investigation  of  spores  is  greatly  complicated  by  their  tough  and 
multiple  protective  cytology,  we  find  it  expedient  to  use  well  defined  and  readily 
available  genetic  mutants  of  E.  coli  for  Investigation  of  relevant  initial  events 
.of  DNA  injury  by  various  biophysical  stresses.  This  combined  approach  enhances 
progress  in  the  elucidation  of  the  biophysical  mechanisms  of  cell  resistance  and 
Injury.  In  this  line,  we  have  discovered  that  not  only  radiation  but  also  heat 
and  freezing  are  capable  of  inducing  DNA  breakage  and  that  such  breakage  may 
result  in  cell  death  (Alur  & Grecz,  1975).  Furthermore,  we  have  discovered  that 
DNA  breakage  Induced  by  mild  heat  (ca  50°C)  is  enz3nnatlc  in  nature.  Genetic  ex- 
periments implicate  the  cell's  own  endonuclease  in  this  type  of  DNA  breakage, 
particularly  the  apurinic  acid  endonuclease  (Grecz  & Bhatarakamol,  1977).  The 
Important  recognition  concerning  the  cell's  endonuclease  is  that  mild  heating 
(50-60°C)  is  able  to  trigger  endonucleolytic  DNA  breakage  which  seems  to  be  the 
Initial  event  in  Injury  by  mild  heat. 
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spores  in  relation  to  chromosome  structure  and  function".  Delivered  at  the 
Technical  University,  Budapest. 

August  9-13.  Bacterial  spores:  Biophysical  aspects  of  recovery  from  radiation  injury. 
Presented  at  the  First  International  Congress  on  Engineering  and  Food,  Boston, 
Mass. 

1977  Invitations: 

(i)  to  contribute  Chaper  14  "Action  of  Radiation  on  Microorganisms  and  Viruses" 
to  a proposed  book  by  CRC  entitled  "Preservation  of  Food  by  Ionizing  Radiations" 

E.S.  Josephson  and  M.S.  Peterson,  editors  and  (11)  to  present  a paper  entitled 
"In-vivo  Evidence  for  the  Role  of  DNA-ligase  In  Radiation  Resistance  of  Clostridium 
botulinum  33A"  at  the  Inti.  Symp.  on  Food  Preservation  by  Irradiation,  Wagenlngen, 
the  Netherlands,  Nov.  21-25,  1977.  Could  not  attend,  but  the  paper  was  presented 
by  co-author.  Dr.  Farkas.  (ill)  to  participate  in  the  U.S. A. -Australia  Workshop 
on  Basic  Radiation  Resistance  Mechanisms  of  Bacterial  Spores  held  10-13  Oct.  1977 
at  the  University  of  Wisconsin,  Madison. 

1978  Invitations: 


To  participate  in  the  Second  Research  Coordination  Meeting  on  the  Wholesomeness  of 
the  Process  of  Food  Irradiation  jointly  sponsored  by  the  Food  and  Agricultural 
Organization  of  the  United  Nations  and  the  International  Atomic  Energy  Agency  and 
to  be  held  at  the  Catholic  University,  Leuven,  Heverlee,  Belgium  from  23-26  May 
1978. 


